To determine the occurrence of bovine herpesvirus 1 (BoHV-1) related alphaherpesvirus infections in cervids, 1194 serum samples of wild ruminants originating from 59 forest districts of Poland were tested with IBR gB ELISA and virus neutralization test (VNT) against BoHV-1 and cervid herpesvirus 1 (CvHV-1). The seroprevalence differed significantly between free-living and captive cervids (P < 0.001) with a total of 89 out of 498 (17.9%) and 268 out of 696 (38.5%) seropositive animals in each type of population. In free-ranging cervids, the highest seroprevalence was found among red deer (25.6%) and in fallow deer (23.1%), while it was the lowest in roe deer (1.7%). The seroprevalence varied at the district level between 0 and 100% with the mean value of 17.4% (95% CI:10.1-24.0). Additionally, seroprevalence was associated with afforestation (χ 2 = 7.5; P = 0.006) and to some degree with the mean of cattle density in province (χ 2 = 7.0; P = 0.08). The mean antibody titre against CvHV-1 in VNT (161.8;) has been significantly higher (P < 0.0001) than the mean titre of BoHV-1 antibodies (10.1; 95%CI: 8.9-11.4). The results showed that BoHV-1 related alphaherpesvirus infections are present in population of free-ranging and farmed cervids in Poland. Based on the VNT results and considering the low susceptibility of red deer to BoHV-1, it seems that the dominant alphaherpesvirus circulating in wild ruminants is most likely CvHV-1 and therefore it is rather unlikely that deer in Poland could play any role as a reservoir of BoHV-1 for cattle.
Introduction
Ruminant alphaherpesviruses form a large group of pathogens infecting various species of domestic and wild ruminants. There are at least 7 recognised ruminant alphaherpesviruses among which bovine herpesvirus 1 (BoHV-1) is the most important and best characterized (Roizmann et al., 1992; Davison, 2010) . BoHV-1 can cause different clinical diseases in cattle such as infectious bovine rhinotracheitis (IBR), infectious pustular vulvovaginitis (IPV), conjunctivitis, fatal multisystemic infection of newborn calves, encephalitis and abortions (Muylkens et al., 2007; Nandi et al., 2009) . The virus infects mostly cattle but also many other species of domestic and wild artiodactyls including deer (Kálmán and Egyed, 2005; Thiry et al., 2006; Intisar et al., 2009; Scicluna et al., 2010) . Moreover cervid herpesvirus 1 (CvHV-1) which is related to BoHV-1 alphaherpesvirus was isolated from ocular disease in red deer (Inglis et al., 1983) . In some European countries, red deer can come into contact with cattle and potentially can become infected with BoHV-1 (Mollema et al., 2005) .
BoHV-1 is widespread in cattle population all over the world and cause significant economic losses. To reduce the cost of the infection, several European countries developed the eradication programs of IBR. Successful eradication of BoHV-1 depends mostly on serological tests which allow identification of infected animals. However, cross-reactions caused by ruminant alphaherpesviruses related to BoHV-1 can hamper the diagnosis and effectiveness of the eradication programs.
In Poland, BoHV-1 was isolated for the first time from cattle in the seventies of the last century (Baczyński and Majewska, 1977; Kita, 1978) . In recent studies, 37.7% of dairy cows and up to 73.7% of dairy cattle herds were positive for BoHV-1 antibodies (Rola et al., 2005; Rypuła et al., 2012) . There is little information on the occurrence of alphaherpesvirus infections in wild ruminants in the country. Most of the studies were related to European bison from the Bialowieza Primeval Forest, and the seroprevalence of alphaherpesviruses was residual (Kita and Anusz, 1991; Salwa et al., 2007; Rypuła et al., 2011a Rypuła et al., , 2011b . Therefore, the study was designed to determine the spread of alphaherpesviruses in the main cervid species in Poland. The first part of the study consisted of a screening of a representative number of samples for the presence of BoHV-1 related alphaherpesvirus antibodies using ELISA and an estimation of risk factors for the seropositivity, while further virus neutralization tests aimed at determining the virus species circulating in Polish wild and captive deer.
Materials and methods

Sample collection
A total of 1194 serum samples collected from 101 fallow deer (Dama dama), 896 red deer (Cervus elaphus), 23 Dybowski's sika deer (Cervus nippon hortullorum), 165 roe deer (Capreolus capreolus) were included in the study. No data on the species was available for 9 deer samples. Freeranging animals (n = 498), which were sampled at 59 (out of 430) forest districts from 13 (out of 16) Polish provinces during collective hunting of 2013/2014 season were fallow deer (n = 46), red deer (n = 278), and roe deer (n = 165). The captive animals (n = 696) belonged to the fallow (n = 55), red (n = 618) and sika (n = 23) species, which originated from a research centre (herd A) and two commercial herds (B and C), were sampled after mechanical immobilization. The gender data was available for 308 individuals of all deer species except for sika deer and included 236 females and 72 males.
ELISA
Serum samples were tested with the commercial Idexx IBR gB blocking ELISA test kit (IDEXX, Montpellier, France). The assay was performed according to manufacturer's instruction. The results were evaluated based on spectrophotometric measurement of the optical density (OD) at 450 nm. For each sample the S/N value was calculated using the following equation: x100%
ODsample ODmean negative control . A sample was classified as positive, doubtful or negative when the S/N value was below or equal to 50%, between 50% and 55%, and above 55%, respectively.
Virus neutralization test (VNT)
VNT was performed for 177 (172 positive and 5 doubtful in IBR gB ELISA) serum samples without haemolysis derived from fallow deer (n = 7), red deer (n = 166), and roe deer (n = 4). The samples from free-ranging (n = 59) and captive (n = 118) cervids were among them. Additionaly, 20 randomly selected serum samples negative in IBR gB ELISA (10 from red deer and 10 from roe deer) were tested. The neutralizing titres against two alphaherpesviruses: the BoHV-1 IPV468 strain and the CvHV-1 P4 strain were determined. Prior to testing, all sera were heat inactivated at 56°C for 30 min. Serial two-fold dilutions of serum samples in Eagle's Minimum Essential Medium (MEM) (Sigma, St Louis, USA) were prepared in duplicate in a 96-well microplate starting from 1:2 up to 1:128. To each well, 100-300 TCID 50 of BoHV-1 or CvHV-1 were added. Two wells per serum in the dilution 1:2 were left without virus as serum cytotoxicity controls. Microplates were incubated at 37°C in 5% CO 2 for 18-24 h. Afterwards, Madin-Darby bovine kidney (MDBK) cell (ATCC CCL-22) suspension containing 10 5 cells/ml was added to each well and after 3 to 5 days of incubation at 37°C in 5% CO 2 microplates were observed under microscope. Serum was considered positive if the inhibition of viral cytopathic effect (CPE) was observed in both wells at a dilution 1:2. The neutralizing titre of tested serum was assumed as the reciprocal of the highest dilution of the sample for which none or one of the wells showed CPE. Samples showing cytotoxic effect in the control wells were excluded from the analysis.
Covariate data
Information of species, gender, sampling date and place (name of forest district, province) were provided by the sampling protocol and recorded in the wide-format dataset. The density of wild cervids was calculated using the data including the estimated numbers of free-living cervids and the acreage of the forest district provided by the General Directorate of National Forest Holding (GDNFH, 2014) for each of 59 forest districts. The values of the variable ranged between 0.7 and 10.3 with the mean value of 4.8 (median 4.9) cervids/km 2 . The level of afforestation which determined the proportion of forested area in the forest district ranged between 4.9 and 98.0% with the mean and median of 34.9% and 32.8%, respectively (GDNFH, 2014) . In order to study possible risk of spill over effect from domestic ruminants, density of cattle, which was determined as a number of animals/100 ha of agricultural areas at the province level by the Central Statistical Office (CSO, 2013a) was used in the analysis. The values of cattle density ranged between 10.2 and 86.7 with the mean and median values of 27.9 and 21.0 animals/100 ha, respectively. The urbanization rate [proportion of the county (the administrative subunit of province) population inhabiting urban areas] was introduced as an environmental factor (CSO, 2013b). The data representing the samples ranged between 0 and 68.3%, with the mean and median values of 44.1% and 49.7%, respectively. Since the variables were not normally distributed, they were categorized by the 25th and 75th centiles into three groups (the mean values, ranges and medians presented at Table 1 ).
Statistical analysis
The database prepared in Microsoft Excel has been transferred to STATA v.13.0 software (StataCorp LP, Texas, USA), where statistical analysis was performed. The seroprevalences were estimated by application of survey methods corrected by sampling weights (pweights) calculated accordingly: 1/(n of tested individuals/N of free-ranging cervids per district. The last number was obtained for each forest district (GDNFH, 2014) . The single-variable associations between seropositivity against alphaherpesvirus and population type (free-ranging; captive), origin (forest district), species, sex, and the other continuous and categorical covariates were estimated using Kruskal-Wallis equality of population rank test and univariable logistic regression. In order to assess the risk factors of alphaherpesvirus seropositivity in free-ranging cervids, mixed-effects logistic regression model was fitted by backward selection of insignificant (with P > 0.05) predictor nominal and continuous variables one-by-one. The collinearity (Spearman ρ > 0.5 ; P < 0.05) between the predictors was considered when building up the multivariable model. Possible confounding and clustering was analysed as previously described by Dohoo et al. (2010) . To account for clustering, models including random intercept were assessed by checking the variance of the component and other covariates. The multivariable models were compared by Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) and the model with the lowest and highest values respectively was considered better fitting.
The mean VNT titres against BoHV-1 and CvHV-1 were compared in groups by t test. A P value below 0.05 was considered significant.
Results
The seroprevalence differed significantly between free-living and captive cervids with χ 2 = 150 (P < 0.001). Based on ELISA results, a total of 89 out of 498 (17.9%) and 268 out of 696 (38.5%) animals from each type of population were found seropositive. Initially, 5 sera gave doubtful results, however they were later confirmed to be positive against CvHV-1 in VNT, therefore those samples were considered positive in further analysis.
Free-living cervids
IBR gB ELISA seropositive deer were found in 32 out of 59 (54.2%) forest districts (Fig. 1) . The district seroprevalence ranged between 0 and 100%, with the mean value of 17.4% (95%CI: 10.1-24.0). The seroprevalence, which was also province dependent (χ 2 = 35.0; P = 0.0001) showed the mean value of 14.3% (95%CI: 7.1-21.4) and ranged between 0 and 39.2%. The distribution of BoHV-1 seroprevalence (calculated using forest district sampling weights) according to different individual or geographical characteristics was presented in Table 1 . The strongest association between BoHV-1 seroprevalence and species was depicted by the highest seropositivities among red deer (25.6%) and fallow deer (23.1%), and the lowest among the roe deer (1.7%). The nominal level of afforestation and urbanization rate have also shown significant associations with the seroprevalence, however the effects of both were opposite (Table 1) . In other words, the seroprevalence increased with afforestation, while it decreased with urbanization. The categorical covariate of province-level density of cattle has also showed some association with the seroprevalence; however, it was marginally significant (P = 0.08) when assessed by logarithmic regression. Sex and density of cervids were not found to be connected to the seroprevalence. In addition, the dependence of the seroprevalence on continuous variables such as density of cattle (χ 2 = 7.0; P = 0.008) and afforestation (χ 2 = 7.5; P = 0.006) have also been shown significant in the univariable analysis. The final mixed effect multivariable logistic regression model included species and urbanization rate ( Table 2 ). The data clustered at the forest district level, therefore the variable was included as a random effect in the model. The risk of alphaherpesvirus seropositivity increased 10.6-fold in fallow deer and 11.9-fold in red deer in respect to the roe deer.
Furthermore, the risk of obtaining IBR gB ELISA seropositive result in deer decreased by 0.4-fold in the medium and 0.3-fold in highly urbanized areas compared to the ones with low urbanization rate.
Captive cervids
Significant differences in IBR gB ELISA seroprevalence between species and individual herds were observed. In general, the highest seroprevalence has been found for red deer (27.0%) and herd B (66.8%); however, the analysis of the association of joint species and herd variable has shown more complex relationships (Table 3) . Although, the proportion of seropositive red deer in herd B reached 74.5%, none of the red deer in herd A had detectable antibodies. Moreover, only 1.8% of fallow deer in herd B were found seropositive.
VNT results
All 20 samples negative in IBR gB ELISA were also negative in VNT. Four out of 177 tested samples that were positive or doubtful in IBR gB ELISA, gave negative results in VNT. In this group, one was previously doubtful in ELISA, while the rest was positive. The titres of positive sera against BoHV-1 ranged between 2 and 64. All 177 sera including 5 ELISA doubtful ones were found seropositive against CvHV-1 with the titres between 16 and 512. The mean antibody titre against CvHV-1 (161.8; 95%CI: 146.0-177.6) has been significantly higher than the mean titre of BoHV-1 antibodies (10.1; 95%CI: 8.9-11.4) with t value of −18.9 (P < 0.0001). The same was observed independently for each cervid species and type of population (free-ranging/captive) ( Table 4 ). The distribution of neutralizing titres against both viruses depending on the species and population has been presented at the box plots at Fig. 2 . Once again, the CvHV-1 titres were higher in respect to BoHV-1 in both captive and free-ranging red deer. 
Discussion
1 This study presents the first large-scale cross-sectional survey of alphaherpesvirus seroprevalence in Polish wild ruminants. Previously, only limited data on alphaherpesvirus infections in cervids in Poland was available. In two studies performed in 2011, small groups of freeranging red deer and roe deer from two locations were tested for the presence of antibodies against alphaherpesviruses but no seropositive animals were found (Rypuła et al., 2011a (Rypuła et al., , 2011b Salwa et al., 2011) .
Our results confirmed that, the alphaherpesvirus infections are as frequent in the populations of both wild and farmed cervids in Poland as in other European countries such as Germany (Frölich et al., 2006) , Czech Republic (Pospisil et al., 1996) , Belgium or France . The significant difference in the observed seroprevalence between wild and captive animals should be explained by different environment factors, and therefore each group was analyzed separately. Overall seroprevalence in captive animals was higher in comparison to free-ranging cervids. However, it should not be regarded as a general Fig. 1 . Map of Poland with alphaherpesvirus seroprevalence in free-ranging cervids calculated using sampling weights (1/(n of tested individuals/N of free-ranging cervids per district) according to the forest district of origin. rule, since results varied in the previous studies. For example in the study performed in Scotland (Nettleton et al., 1986) , seroprevalence was lower in the deer farms. Since the animals are kept in the fenced areas, the spread within the farm might be faster due to the higher concentration of animals; however, the transmission of the pathogen into the population might be dependent mostly on the management and human involvement and there would be high variability in the exposure at the herd level. Significant differences observed between three herds included in the study were most probably caused by the different breeding approach. Herds B and C with high number of seropositive deer were commercial farms, to which imported animals are regularly introduced in order to enrich the genetic pool of the herd. As they are not routinely tested for antibodies against alphaherpesviruses before introduction, infected animals could be the major source of outbreaks in herds as it was observed previously both in case of CvHV-1 (Nettleton et al., 1986) and BoHV-1 (Wentink et al., 1993) . In contrast, herd A, where no seropositive animals were found, is a self-sufficient breeding farm maintained for research purposes, therefore the risk of virus introduction into this herd was rather low.
Since there was dependence between the seroprevalence in freeranging cervids and the origin of the animals, we decided to analyze several individual and geographical characteristics of the local populations in order to identify the possible risk factors. Most evident differences in alphaherpesvirus exposure were associated with the cervid species. Both univariable and multivariable statistical models confirmed that the exposure of red deer and fallow deer to BoHV-1 related alphaherpesvirus was more frequent than in roe deer. Similar observations were made previously in France, Belgium, and Germany Frölich et al., 2006) . On the other hand, Lillehaug et al. (2003) did not see any difference between BoHV-1 seropositivity in Norwegian red deer and roe deer. In the same time, over 28% of freeranging reindeer, the most abundant deer species in Norway, were exposed to a BoHV-1 related alphaherpesvirus, most likely CvHV-2 which is an alphaherpesvirus specific of reindeer. Several explanations of the low seroprevalence in roe deer was proposed. It was suggested that social behaviour of red deer, which contrary to roe deer tend to live in large groups throughout the whole year and migrate further between different regions, could facilitate contacts between different populations and consequently spread of the viruses in population. Alternatively, roe deer may be less susceptible to infections with alphaherpesviruses (Frölich et al., 2006) as it represents different phylogenetic subfamily of Cervidae compared to red deer and fallow deer. It is possible that roe deer belonging to Caprealinae subfamily lack some of the virus receptors present in Cervinae subfamily. More surprising was the high seroprevalence among fallow deer (23.1%), whereas it was lower than 5% in most of the previous studies (Nettleton et al., 1988; Frölich et al., 2006) . It is possible that our results could have been distorted by the relatively low number of fallow deer tested with almost half of the positive samples originating from animals living in the same forest district. Significant association was also observed between the seroprevalence and level of afforestation and urbanization in forest districts. Multivariable logistic regression model for analysis of influence of urbanization as a risk factor showed that regions with high urbanization are characterized by a lower risk of alphaherpesvirus infections and inversely, forest districts with higher proportion of forest area were characterized by a higher seroprevalence. Most probably both of those risk factors are connected with the influence that urbanization and afforestation have on the dynamics, space use and habitat selection of wild cervid populations. In the highly urbanized regions, the habitats become fragmented as deer tend to avoid developed areas (Vogel, 1989; Theobald et al., 1997) , which in result may limit contacts between different subpopulations and consequently disturb further viral spread. Conversely higher afforestation might provide convenient corridors for movement of animals those increasing frequencies of contacts between subpopulations.
Although no correlation between density of cattle and seroprevalence of alphaherpesviruses in cervids was observed previously (Frölich, 1996) , univariable statistical analysis of our results showed some marginal correlation. Especially, in provinces with high density of cattle, seroprevalence in cervids was also high. However, cattle density has been excluded from the final model, since it was proven insignificant for the seroprevalence. Inferring simple associations between domestic ruminant density and increased chance of transmission of alphaherpesviruses between cervids and livestock may be false. Previous studies proved that, although cervids are in limited degree susceptible to BoHV-1 infection, transmission through direct contact with cattle is very unlikely (Mollema et al., 2005; Nettleton et al., 1988) . On the other hand, Frölich et al. (2006) have suspected this kind of transmission between red deer reared in two German national parks and local cattle population. An indication that the strain circulating in Polish cervids is a species-specific endemic alphaherpesvirus, overruling a possibility of spill over effect from cattle was given in the crossneutralization tests. As commercial IBR gB blocking ELISA kits are specific to a wide range of ruminant alphaherpesviruses (Neves et al., 2009 ), high quality, BoHV-1 seropositive serum samples were selected for further analysis by VNT in order to determine if cervids tested positively due to an infection with BoHV-1 or CvHV-1. Although the majority of the tested serum samples neutralized BoHV1 and CvHV-1, the individual and the mean titres against CvHV-1 were much higher than against BoHV-1. To summarize, it is highly improbable that observed borderline correlation between cattle density and seropreva-lance among cervids has any revelance. Instead, it could rather stem from correlation between cattle density and different environmental factor that directly influence the spread of alphaherpesvirus in cervid population.
It is noteworthy that although only CvHV-1 was demonstrated to be capable of causing clinical signs in cervids in some cervid populations, antibodies against different alphaherpesviruses were previously reported. For example, in a study of cervid populations from National Parks in Germany by Frölich et al. (2006) , the highest seroprevalence was recorded against BoHV-1, whereas in earlier German study highest titres were found against caprine herpesvirus 1 (CpHV-1) Frölich, 1996. In conclusion, our results showed that BoHV-1 related alphaherpesvirus infections are present in population of free-ranging and farmed cervids in Poland. However, based on the viral neutralisation test it seems that dominant virus circulating in wild ruminants is CvHV-1, therefore it is highly unlikely that deer in Poland could play any role as a reservoir of BoHV-1 to cattle.
